Problem-Experimental infection of cats with FIV-B-2542 produces high rates of fetal infection and reproductive failure. We hypothesized that dysregulation of placental cytokine expression occurs in FIV-infected queens, and aberrant expression potentiates inflammation and impacts pregnancy outcome. Our purpose was to quantify expression of representative pro-inflammatory cytokines (IL-6, IL-12p35, and IL-1β), IL-10 (anti-inflammatory), and the chemokine SDF-1α in early-and late-term placental tissues.
Introduction
Placental cytokines and chemokines are immunoregulatory molecules that are responsible for pregnancy maintenance. These immunomodulators are critical for embryo implantation, endometrial development, 1 and the development of fetal placentation. 2 Successful pregnancy is biased towards a Th2 immune response with a suppressed Th1 response at the maternal-fetal interface. [3] [4] [5] [6] Th1 and Th2 cytokines are mutually antagonistic. 6, 7 The production of Th2 cytokines aids in the maintenance of pregnancy by downregulating Th1 cytokines, thereby preventing the formation of an inflammatory microenvironment in the placenta. 8 The altered expression of the Th1 cytokine, IL-12 (a pro-inflammatory cytokine), and the Th2 cytokine, IL-10 (an anti-inflammatory cytokine), is a clear indicator of Th1:Th2 immune shifts and cytokine dysregulation. 4, 6, 8, 9 Cytokine dysregulation in the placenta may result in poor reproductive outcome, including spontaneous abortion, preterm labor, preeclampsia, and intrauterine growth restriction. 8, 10 Vertical transmission of HIV (defined as HIV transfer from mother-to-child during pregnancy, labor and delivery, or breastfeeding) accounts for more than 90% of pediatric infections worldwide. In the United States, mother-to-child transmission (MTCT) is the most common source of all AIDS cases in children and results in 100-200 infected infants annually. 11 The rate of disease progression in infants is rapid, and about 50% of infected newborns will succumb to the disease before 24 months of age. 12 In addition, HIV infection of pregnant women often results in reproductive failure, including low birth weight babies, preterm delivery, and an increased incidence of spontaneous abortions. [13] [14] [15] Although it is evident that HIV has the potential to negatively impact reproductive outcome, the mechanisms of viral transplacental transfer and pregnancy perturbation associated with infection remain undefined.
HIV expression is augmented by the production of placental immunomodulators such as cytokines, 16 and HIV infections can dysregulate cytokine networks in placental tissues. 17, 18 Aberrant expression of cytokines may result in placental inflammation, and the presence of inflamed placental membranes is likely to facilitate viral transplacental transfer. 17 FIV causes a natural infection of domestic cats that is clinically similar to HIV-1. Vertical transmission of FIV may occur in utero, producing infected offspring and frequent reproductive failure. [19] [20] [21] [22] We previously reported a high rate of reproductive failure in litters delivered at late gestation (week 8) by cesarean section in FIV-infected cats. 21 In that report, vertical transmission of FIV occurred in nearly all pregnancies, and FIV was detected in tissues of both viable and nonviable kittens and fetuses. We found that Th1 and Th2 cytokine expression did not differ significantly in the placentas of infected versus uninfected cats. 21 However, Th1 cytokine expression was significantly increased in placentas of FIVinfected, resorbed fetuses in comparison to non-resorbed placentas. Cytokine gene expression in early-term placental tissue was not evaluated in that study.
We hypothesized that dysregulation of placental cytokine expression occurs in FIV-infected queens, and aberrant expression of these cytokines may potentiate inflammation and impact pregnancy outcome. As a component of a larger project aimed at identifying specific placental cell populations, namely trophoblasts and regulatory T cells (Tregs), whose dynamics and function may be altered by FIV infection, our initial intent was to evaluate immune function at the level of whole placenta to determine 1) the expression of representative pro-inflammatory cytokines (IL-6, IL-12p35, and IL-1β), an antiinflammatory cytokine (IL-10), and the pleiotropic chemokine SDF-1α (CXCL12), which binds the receptor CXCR4 expressed on activated T cells and trophoblasts, in early-and late-term placental tissues; 2) whether immunomodulator expression is related to FIV infection and pregnancy outcome. We report that FIV-infection during early and late gestation was associated with altered immunomodulator expression. The data indicate that FIV induces a pro-inflammatory placental microenvironment at early, but not late pregnancy.
Materials and Methods

Feline placental tissues
All procedures utilizing cats (Felis domesticus) were performed with approval of the Mississippi State University Institutional Animal Care and Use Committee. As previously reported, 21, 22 cats were reproductively mature, specific-pathogen-free (SPF) animals of less than 12 months of age when obtained from a commercial cattery. Ten cats were inoculated intravenously with 1 ml of a plasma pool containing approximately 1.3 × 10 4 copies/ml of FIV-B-2542, provided by Dr. Edward A. Hoover. 23 Uninfected cats served as normal controls. Infection was confirmed by detection of FIV provirus by PCR and for seroconversion by ELISA. All queens were allowed to naturally breed with SPF toms. Breeding was observed and pregnancy was confirmed by ultrasonography.
The time of FIV inoculation to delivery ranged from approximately 9.5 to 13.5 months (mean 11.14 months) for the early gestation study and 4.7 to 14.1 months (mean 9.5 months) for the late gestation study. Kittens were delivered by cesarean section during week 3-4 of gestation (early) and week 8 of gestation (late) 21 from FIV-B-2542-infected and uninfected queens. Placentas were collected under sterile conditions using the following dissection procedure. The uteri were removed and individual fetal membranes were collected. Following rinses with sterile PBS, membranes were incised with a sterile scalpel, and fetuses and placentas were collected. Placental tissues were snap frozen in liquid nitrogen and cryopreserved at −80°C. The effect of FIV infection on pregnancy at early-and lateterm gestation was previously reported. FIV provirus was detected in placental and fetal tissues by standard PCR. 21, 22 For this study, we evaluated selected placental samples from both early-and late-term pregnancy, including placentas from both viable and nonviable pregnancies ( Table 1) .
RNA extraction
RNA was purified from frozen placental tissues of FIV-B-2542-infected and uninfected queens at early gestation (n = 27 and n = 42, respectively) and late gestation (n = 23 and n = 24, respectively), using TRIzol Reagent (Invitrogen, Corp. Carlsbad, CA) according to the manufacturer's instructions. The RNA extraction procedure was performed as previously reported. 22 
Primer design of immunomodulators
Cytokine and chemokine mRNA sequences for the cat and human were obtained from the National Center for Biotechnology Information (NCBI) and aligned using the European Molecular Biology Laboratory-European Bioinformatics Institute (EMBL-EBI) ClustalW alignment tool. The human mRNA was blasted against the human genome to locate the exon/intron boundaries. These boundaries were used to find the homologous boundaries in the feline sequence. We used Beacon Designer (PREMIER Biosoft) to design primer/probe sets targeting the representative pro-inflammatory cytokines IL-6, IL-12p35, and IL-1β, an anti-inflammatory cytokine IL-10, the chemokine SDF-1α, and the internal control gene (β-actin). All PCR amplicons spanned an intron-exon junction. The target probes were 5' labeled with the reporter dye FAM (6-carboxyfluorescein) and 3' labeled with the quencher dye TAMRA (6-carboxytetramethylrhodamine). The probe for the housekeeping gene was 5' labeled with the reporter dye HEX (hexachloro-6-carboxyfluorescein) and 3' labeled with the quencher dye TAMRA. Primers and probes were obtained commercially (MWG-BIOTECH, Inc., High Point, NC). Sequences of primers and probes used in these studies are shown in Table 2 . Primers and probes used to detect FIV RNA in placental and fetal tissues were described previously. 21 
Real-time reverse transcriptase (RT)-PCR
The real-time RT -PCR used an iCycler (BioRad Laboratories, Valencia, CA): 50°C, 30 min; 95°C, 5 min; 45 × (95°C, 15 s; 60°C, 1 min). Each reaction contained 12.5 μl of the commercial reaction mix, 0.5 μl of Thermoscript™ Plus/Platinum® Taq Mix, 1 μl of forward and reverse β-actin primers (7.5 pmol/μl), 1μl of forward and reverse target primers (10 pmol/μl), 1 μl of the respective probe (100 fmol/μl), and 180-300 ng RNA. For every placental RNA sample, parallel reactions were performed in triplicate for each gene.
Standard curves were generated from serially diluted, pooled RNA from uninfected cats and used to normalize for differences in PCR efficiency and RNA template as previously described. 22 
Statistical analysis
Statistical analysis of immunomodulator expression for early-and late-term control and FIV-B-2542-infected placental samples was done using single-factor ANOVA (Microsoft Excel-XP, Redmond, WA) followed by Wilcoxon Rank Sum Test (National Science Digital Library). Correlation of cytokine gene expression and FIV load was done using Spearman Rank Correlation. 25 
Results
Detection of FIV in placental and fetal tissues and reproductive outcome
Placentas from early 24 and late 21 gestation were probed for FIV RNA using standard and real time PCR as described previously. All early-gestation placentas tested and more than 93% of late-gestation placentas were FIV positive. Reproductive outcome was reported for early 22 and late 21 gestation studies. Briefly, fetal nonviability at early gestation was 4.7% and 22.2% in control and FIV-infected cats, respectively. At late gestation fetal nonviability was 3.2% and 60% in control and infected cats, respectively.
Expression of immunomodulators in placental tissues
Immunomodulator mRNA was expressed in all early-and late-term placental tissues. To determine their normal feline placental expression between the two stages of pregnancy, control placentas from early-and late-term pregnancies were compared. There were significant differences in expression of all immunomodulators in control placentas. In normal placentas, higher levels of IL-10, IL-6 and IL-12p35 mRNA were expressed at early gestation, while expression of IL-1β and SDF-1α was higher at late pregnancy (Fig. 1A) . Likewise, placentas from infected queens only were evaluated at early and late pregnancy, and the same pattern of cytokine expression was determined, with the exception of that of IL-10, which did not differ between early and late pregnancy (Fig. 1B) .
To determine the effect of FIV infection on placental cytokine expression, FIV-infected and control placentas from both early-and late-term gestation were compared. These data are summarized in Table 3 . At early gestation, FIV-infection resulted in significantly-increased expression of the pro-inflammatory cytokine mRNAs for IL-6 and IL-12p35, decreased expression of mRNA for the anti-inflammatory cytokine IL-10 mRNA, and had no effect on the mRNA expression of IL-1β and SDF-1α ( Fig. 2A) . At late gestation, FIV-infection caused increased IL-6 mRNA expression, decreased expression of IL-1β and SDF-1α, and had no effect on mRNA expression of IL-10 and IL-12p35 (Fig. 2B ).
To determine whether cytokine expression was related to fetal viability, placentas from FIVinfected, viable pregnancies were compared to placentas from FIV-infected nonviable pregnancies for both early-and late-term gestation. Of all immunomodulators evaluated, only the expression of IL-12p35 and SDF-1α differed significantly between the two groups ( Fig. 3A and B, respectively) . Both the cytokine and chemokine were expressed to significantly higher levels in placentas from viable offspring at both stages of pregnancy.
IL-12:IL-10 ratios were determined for control and infected tissues at both stages of pregnancy to measure the Th1:Th2 ratio, as expression of the two cytokines are mutually antagonistic. At early pregnancy, the IL-12:IL-10 ratio was 1.17 in control placentas and 1.28 in FIV-infected placentas, a significant increase (p=4.49E-06) that revealed a virus-induced pro-inflammatory microenvironment (Fig. 4A) . At late pregnancy the IL-12:IL-10 ratio in control placentas approached neutrality (1.05), and did not differ significantly in infected placentas (Fig. 4B) . A comparison of the IL-12:IL-10 ratio between placentas taken from viable and nonviable offspring did not differ significantly at early pregnancy (Fig. 5A ), but the IL-12:IL-10 ratio was significantly higher in the viable group at late pregnancy (Fig.  5B ).
To determine whether cytokine gene expression correlated with the amount of FIV in placental tissues, individual placental samples were analyzed statistically using Spearman Rank Correlation (Fig. 6) . A significant correlation between virus load and cytokine gene expression was noted for only one cytokine, IL-6. Increased expression of this cytokine was positively correlated with increasing virus load at late pregnancy only (P=0.05; r= 0.652). No other comparisons approached significance at the 95% confidence level.
Discussion
In the present study using the FIV-infected cat model to explore lentivirus-induced placental immunopathology, we used real-time RT-PCR to quantify the expression of representative pro-inflammatory cytokines IL-6, IL-12p35, and IL-1β, the Th2 cytokine IL-10, and the chemokine SDF-1α (the ligand for chemokine receptor CXCR4) in early-and late-term feline placental tissues. To determine the normal pattern of expression, we first compared data obtained from early and late placentas from control cats only. We detected cytokine mRNA in all placental tissues from both early-and late-term gestation. Two of four proinflammatory immunomodulators, IL-1β and SDF-1α, were expressed to higher levels at late gestation, while unexpectedly, the remaining two, IL-6 and IL-12p35, decreased from early to late pregnancy. As predicted, the Th2 cytokine IL-10 was decreased at late pregnancy. Placentas from FIV-infected queens yielded the same pattern of cytokine gene expression with the exception of IL-10, which did not differ from early to late pregnancy.
The role that these cytokines play in feline gestation is not yet known. The pattern of expression of IL-6 was similar to that reported by Moussa et al. 26 who also found that IL-6 was expressed to higher levels in normal, first-trimester human chorionic villi than later in pregnancy. IL-6 is a pleiotropic cytokine produced by trophoblasts, macrophages, and Th2 cells. IL-6 regulates expression of human chorionic gonadotropin (HCG) from trophoblasts by activating IL-6 receptor-mediated signal transduction, 27 and it contributes to trophoblast invasion. 28 Therefore, its expression during early pregnancy is essential. Cats do not express chorionic gonadotropin; whether this cytokine plays a role in feline reproductive hormone expression is unknown.
HIV infection alters cytokine expression in placental tissue. Lee et al 18 reported increased levels of IL-1β, IL-6, and TNF-α in trophoblasts isolated from HIV-infected human term placentas collected immediately after delivery. On the other hand, other investigators reported decreased expression of IL-6 and other inflammatory cytokines and β-chemokines in HIV-infected term placentas. 26 In a recent report 29 , increased expression of the proinflammatory cytokines TNF-α, IL-16, and RANTES was detected in chorionic villi obtained at delivery from HIV-infected women as compared to those obtained from uninfected women. We report that FIV infection altered placental cytokine expression, as compared to controls, but viral effects differed with gestational stage. At early pregnancy, placentas from infected animals had significantly reduced IL-10 mRNA and increased IL-6 and IL-12p35 mRNA, indicating that the virus produced a pro-inflammatory environment at this stage. While the cellular source of IL-12 was not defined, it is known to be a product of activated macrophages and a potent inducer of the Th1 response and NK cell activation. 30 At late pregnancy, IL-6 increased dramatically in infected cats, while IL-1β and SDF-1α actually decreased, and IL-10 and IL-12p35 were unchanged. Only IL-6 was consistently increased as a result of FIV infection, regardless of pregnancy stage. Other investigators reported increased levels of IL-6 31, 32 and IL-12 33 in the peripheral circulation of FIVinfected, symptomatic cats. IL-6 expression showed a strong, positive correlation with FIV load, but only at late pregnancy. The reason why increasing virus load did not positively correlate with IL-6 expression at early pregnancy as well is unclear at this time. This disparity may be explained by a differential impact of the virus on the function of early-versus late-gestation placental cells expressing IL-6 or perhaps those cells prohibiting expression of this inflammatory cytokine, such as Tregs. These findings suggest that IL-6 may be a key player in FIVinduced placental immunopathology. For all other cytokines, gene expression neither positively nor negatively correlated with the amount of FIV in placental tissue. Thus, altered cytokine expression occurring in infected tissues may be independent of virus load. However, variability in gene expression between different cats and even between different placentas from the same cat confounded the interpretation of the correlation analysis. Interand intra-cat (different time points) variability in cytokine gene expression in peripheral blood monocytes, determined by real time PCR, was documented previously. 34 The Th1:Th2 ratio has been used as an indicator of a pro-or anti-inflammatory microenvironment at the maternal-fetal interface. The pro-inflammatory (Th1) cytokine IL-12 and the anti-inflammatory (Th2) cytokine IL-10 are antagonistic, and thus, the IL-12:IL-10 ratio provided a measure of the inflammatory status of our tissues. The Th1 cytokine was favored during early pregnancy (IL-12:IL-10 = 1.17) in normal placentas, and the ratio was significantly enhanced in FIV-infected queens. At late pregnancy the Th1:Th2 ratio was essentially neutral (IL-12:IL-10 = 1.05) in normal placentas and did not differ significantly in infected placentas. Collectively, the data support a virus-induced, proinflammatory placental microenvironment at early, but not late pregnancy.
Clearly, numerous additional cytokines could have been evaluated in the present study. For example, evaluation of expression of IFN-γ in early placentas may have been useful, as we previously reported enhanced expression of this cytokine in late-term placentas from failed pregnancies in the FIV-infected cat model. 21 Likewise, higher expression of this cytokine was associated with reproductive failure in mice 35 and humans. 36 However, it was not our intent to provide an exhaustive analysis of cytokine expression in these tissues, but rather, to evaluate a limited number of cytokines that would provide an assessment of a pro-or antiinflammatory placental environment. Expression of a more comprehensive array of cytokines is presently being evaluated in microdissected trophoblasts and Tregs.
Our previous reports indicate that reproductive failure in the FIV-infected cat occurs during early pregnancy, as a high rate of fetal demise was detected at week 3-4 of gestation in infected cats, 22 and the majority of nonviable fetuses collected at late pregnancy (week 8) were resorptions. 21 When cytokine gene expression was compared in placentas from FIVinfected queens producing viable versus nonviable offspring, two pro-inflammatory immunomodulators, IL-12p35 and SDF-1α, were expressed to significantly higher levels in the viable group at both stages of pregnancy. No differences were observed with other cytokines. This result was surprising, as we expected to see higher levels of proinflammatory mediators associated with nonviable pregnancy. We are not yet able to explain this occurrence. Likewise, we previously reported higher levels of expression of CXCR4 in placentas from viable pregnancies at late term; 37 thus, both chemokine and chemokine receptor expression were associated with pregnancy viability.
The chemokines RANTES, MIP-1α, and MIP-1β, which bind CCR5, and SDF-1α, which binds CXCR4, are well-described antagonists for HIV infection of target cells that express these chemokine receptors. 38 Therefore, aside from their role in inflammation, we were particularly interested in expression of CXCR4 and SDF-1α in placentas because CXCR4 is the co-receptor utilized by FIV for target cell binding. Thus, the binding of CXCR4 by its natural ligand, SDF-1α, could potentially block FIV infection of target cells. We previously speculated that cells expressing CXCR4 are important to pregnancy maintenance in the cat model. 37 The present data allow for the possibility that SDF-1α may limit FIV infection of such cells by binding to CXCR4, contributing to successful pregnancy. The non-significant correlation of SDF-1α expression and FIV load renders it difficult to determine the relationship between the two parameters.
In a recent report, 39 SDF-1 gene expression was quantified in decidua-derived mesenchymal stem cells from normal and pre-eclamptic women. SDF-1 was expressed to higher levels in the normal population. In placental tissues, SDF-1α is best known to function in trophoblast invasion via "cross talk" between the chemokine expressed by decidual stromal cells and CXCR4 on the trophoblast 40 and to promote trophoblast survival by stimulating pathways which inhibit apoptosis. 41 Its pro-inflammatory function in the periphery includes T cell migration (reviewed by N. Karin). 42 However, an anti-inflammatory function for this chemokine was recently reported in autoimmune disease, the SDF-1α/CXCR4 interaction polarizing Th1 cells into antigen-specific regulatory T cells. 43 While this anti-inflammatory mechanism has not been explored in placental tissues, the cat may provide a suitable model to examine whether decidual T regs are impacted by this chemokine.
The IL-12:IL-10 ratio was significantly depressed in the nonviable group at late gestation, but it did not reach a statistically significant decrease at early pregnancy. These findings were unexpected, as we predicted that fetal nonviability would be accompanied by increased placental inflammation. The diminished expression of these cytokines may suggest the reduction in number or function of inflammatory cells expressing these cytokines as a result of viral infection, since all placentas in the viable versus nonviable comparison were collected from FIV-infected queens. Alternatively, the lower levels of expression of the cytokines may be a consequence, rather than a cause of pregnancy failure. Other investigators reported similar inflammatory cytokine expression patterns associated with human spontaneous abortion and in abortion-prone mice, 44, 45 which led to challenges to the Th1:Th2 paradigm of pregnancy. 46, 47 The effects of FIV infection on placental cytokine expression at late pregnancy reported herein differ from those of our prior report utilizing many of the same late-term tissues. 21 We previously found that pro-inflammatory cytokines interferon (IFN)-γ and IL-1β were significantly increased in placentas from resorbed versus nonresorbed offspring, predicting a pro-inflammatory status that may have compromised pregnancy. However, in that study, we grouped total viable and total nonviable tissues, including those from both control and infected queens, while in the present study we evaluated only those from FIV-infected animals. This change may have produced the different result.
An important advantage of the FIV-infected cat model of HIV MTCT is the ability to collect and evaluate placentas and fetuses at defined time points from both infected and control cats, which is not possible with humans. While human placental tissues may be obtained following miscarriages or elective abortions, we have no control over timing of those events, and collecting tissues from infected and uninfected women at the same gestational stage would be very difficult. Moreover, in developed countries, HIV-infected women are generally treated with anti-retroviral therapy, confounding the interpretation of any virological or immunological data. Collectively, the data that we have obtained using the FIV-infected cat model parallel those reported for HIV, revealing a lentivirus-induced proinflammatory placental environment at early pregnancy. The vulnerability of fetal development to inflammation at early gestation is well documented, 3 and thus, our findings implicate inflammation as a contributor to the high rate of pregnancy failure that we detected at early pregnancy in this animal model. These findings reinforce the utility of the FIV-infected cat as a model for HIV vertical transmission and reproductive failure.
A limitation of this study is that we evaluated target gene mRNA only, which may be transiently expressed. Given that gene expression may be regulated at the translational level, as well as the transcriptional level, we may have obtained an incomplete picture of expression of one or more genes of interest. Quantification of cytokine proteins by immunoassay is a preferred means of measuring gene expression. However, our ability to perform these immunological assays is limited by the lack of commercially-available antibodies to feline cytokines and immunological markers.
Key to understanding the relevance of these data is to identify the placental or decidual cells that are a source of these cytokines. Trophoblasts are fetal-derived cells that produce numerous cytokines that regulate placental function. [48] [49] [50] [51] [52] Maternal Tregs, located in the deciduum, produce cytokines that suppress inflammation. 53 Both of these cell populations can be infected by HIV, and feline Tregs were shown to support the replication of FIV. 54, 55 In the event that these cell populations were infected with FIV in our cats, then viral infection leading to depletion or altered function of these cells may explain abnormal cytokine patterns. Our laboratory is currently exploring the role of trophoblasts and decidual Tregs in lentivirus-induced immunopathology and pregnancy failure. Relative Cytokine Expression in Feline Placental Tissue during Early and Late Gestation Relative expression of feline immunomodulators was quantified from RNA extracted from whole placental tissue sections using real-time RT-PCR. The pro-inflammatory cytokines (IL-6, IL-12p35, and IL-1β), the anti-inflammatory cytokine (IL-10), and the chemokine (SDF-1α) were evaluated in control (A) and FIV-infected (B) placentas at early and late gestation. Bars represent mean Ct values substracted from a negative endpoint (50 − mean Ct), bracketed by standard errors of the mean. P values obtained from single factor ANOVA are noted. P ≤ 0.05 was considered significant. 
IL-12:IL-10 Ratios for Control and FIV-infected Placental Tissues at Early and Late Pregnancy
The ratio of IL-12 to IL-10 was calculated for each individual sample, and values were analyzed statistically. Bars represent mean IL12:IL10 ratios for control versus FIV-infected tissues at early (A) and late (B) pregnancy bracketed by the standard errors of the mean. P values obtained from single factor ANOVA are noted. P ≤ 0.05 was considered significant. Correlation of FIV Load and Cytokine Gene Expression in Individual Placentas Obtained from FIV-infected Queens at Early and Late Pregnancy. Adjusted mean Ct values (50-mean Ct) for FIVgag sequence (X) amplified from individual placental tissues were correlated with adjusted mean Ct values for cytokines (Y) amplified from the same tissues. Individual XY data points are plotted on scatter charts, and trend lines are shown. The data were analyzed using Spearman Rank Correlation. P ≤ 0.05 was considered significant. P values were determined using single-factor ANOVA; P ≤ 0.05 were significant. * Result = effect of FIV infection on gene expression (> = increased expression; < = decreased expression; ns = not significant).
